Trim cut machining and surface integrity analysis of Nimonic 80A alloy using wire cut EDM  by Goswami, Amitesh & Kumar, Jatinder
Engineering Science and Technology, an International Journal xxx (2016) xxx–xxxContents lists available at ScienceDirect
Engineering Science and Technology,
an International Journal
journal homepage: www.elsevier .com/ locate / jestchFull Length ArticleTrim cut machining and surface integrity analysis of Nimonic 80A alloy
using wire cut EDMhttp://dx.doi.org/10.1016/j.jestch.2016.09.016
2215-0986/ 2016 Karabuk University. Publishing services by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
⇑ Corresponding author.
E-mail addresses: amitesh550@yahoo.com (A. Goswami), jatin.tiet@gmail.com
(J. Kumar).
Peer review under responsibility of Karabuk University.
Please cite this article in press as: A. Goswami, J. Kumar, Trim cut machining and surface integrity analysis of Nimonic 80A alloy using wire cut ED
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.016Amitesh Goswami a,⇑, Jatinder Kumar b
aDepartment of Mechanical Engineering, Guru Jambheshwar University of Science & Technology, Hisar 125001, Haryana, India
bDepartment of Mechanical Engineering, National Institute of Technology, Kurukshetra 136 119, Haryana, Indiaa r t i c l e i n f o
Article history:
Received 20 July 2016
Revised 5 September 2016
Accepted 22 September 2016
Available online xxxx
Keywords:
Material removal rate
SEM
Surface roughness
Taguchi
Wire wear ratio
WEDMa b s t r a c t
This present work deals with the features of trim cut wire EDM machining of Nimonic 80A in terms of
machining parameters, to predict material removal rate (MRR), surface roughness (Ra), wire wear ratio
(WWR) and microstructure analysis. Trim cut is performed after rough cut to remove the rough layer
deposited after machining due to melting and re-solidification of the eroded metal from workpiece as
well as from wire electrode. Taguchi’s design of experiments methodology has been used for planning
and designing the experiments. The relative significance of various factors has also been evaluated and
analyzed using ANOVA. The results clearly indicate trim cut potential for high surface finish compared
to rough cut machining.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Achieving high accuracy, surface finish and tighter tolerances
during machining of materials is essential for many industries.
Wire Electrical Discharge Machining (WEDM) allows us to produce
parts that could not be made traditionally. WEDM can cut any con-
ductive material regardless of their hardness and strength. WEDM
process is generally used in aerospace, automobile, tool and dies
industry where accuracy and surface finish is having great impor-
tance. It can produce parts with complicated geometrical shapes, a
quality edge and close tolerances and has the ability to cut produc-
tion time and cost. To exploit the full potential of the WEDM
machine tool, the machine should run at optimum conditions.
Rough cuts and trim cuts are performed on the work material using
WEDM. When material removal rate or cutting speed is of prime
importance, then rough cut is preferred and; in case of high surface
finish, trim cut is preferred. During rough cut machining of the
material, the damaged surface and poor surface finish/integrity is
a major problem [8,9,10]. During machining, heat released by the
wire electrode and the work material due to various discharge
parameters affects the surface characteristics [11,12]. This is dueto the re-solidification of metal debris or particles which are
eroded during machining. These particles are not flushed quickly
and properly from the narrow gap between wire electrode and
the workpiece and therefore re-solidify on the machined surface
[13,14]. Trim cut in WEDM may be a best option to remove the
recast layer and surface irregularities formed on the machined sur-
face after the rough cut with certain discharge parameters and
wire offset [15,16,17]. Unlike rough cutting operation, erosion
and flushing of eroded material are easy in trim cutting operation
that reduces the chances of arcing and unstable machining [18].
Trim cut is performed after rough cut to remove the rough layer
deposited after machining due to melting and re-solidification of
the eroded metal from workpiece as well as from wire electrode.
In trim cut, wire electrode traces back the original path followed
during rough cut with some wire offset values [15,16]. It is difficult
to get the fine surface finish with rough cut machining. In order to
get a higher surface finish and corner accuracy, trim cut is pre-
ferred [19]. Trim cutting at low discharge parametric values results
in removal of thin layer from the work surface and results in fine
surface finish [20]. Surface finish increases with increase in num-
ber of trim cuts [21]. Precise machining results cannot be achieved
only by rough cut [22]. Very limited work has been reported on
trim cut machining using wire EDM. A comprehensive literature
review has been performed on various aspects of WEDM. It is evi-
dent from the literature review; almost no investigation has been
performed on the machinability and surface integrity analysis ofM, Eng.
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targeted at investigation of machining characteristics (MRR, SR
and WWR) in trim cut WEDM of Nimonic 80A alloy along with
the surface integrity aspects. The outcome of this study would
add to scares database of the machinability of Nimonic 80A alloy
and also would be extremely useful for the machinist as the tech-
nology charts for WEDM of Nimonic 80A alloy are not easily
available.Fig. 1. Experimental setup of the WEDM.2. Problems occurred during machining nimonic alloys with
conventional machining
Nimonic alloys are valuable in many industries for their resis-
tance to corrosion and their retention of strength as well as other
mechanical properties in extreme temperatures. During prolonged
exposure to elevated temperatures, many types of metal begin to
crack, deform, corrode, fatigue, etc. Nimonic alloys, however, are
known for the retention of important mechanical properties, such
as impact strength, yield strength, and hardness at very high tem-
peratures, creep resistance depending on the grade [1,2]. At higher
temperature, Nimonic 80A gets the precipitation strength through
precipitation hardening [3]. There are some problems which occur
during machining of Nimonic 80A with conventional machining.
Due to work hardening of the material, notch wear occurs at the
tool nose. The work hardened layer results in burr formation and
these burrs leads to catastrophic fracture of the entire insert edge
[4,5]. During machining, high strength is maintained at elevated
temperatures, which opposes the plastic deformation needed for
chip formation. Production of a tough and continuous chip con-
tributes to the degradation of the cutting by seizure and cratering.
High temperature is generated at the tool tip due to the poor ther-
mal diffusivity of the Nimonic alloy resulting in tool wear [6].
Nimonic alloys work hardens and retain the major part of their
strength during machining resulting in rise to thermal stresses
[5,7].3. Experimentation
Experiments were performed randomly on Electronica Sprint-
cut (Electra- Elplus 40A DLX) CNC wire electrical discharge
machine (Fig. 1). From the available literature on trim cut WEDM,
total four numbers of input parameters namely; pulse-on time
(Ton), pulse-off time (Toff), peak current (IP) and wire off-set
(WO) were selected to study the material removal rate, surface
roughness and wire wear ratio at different settings of the machine.
In this work, L27 orthogonal array with four control factors viz., Ton,
Toff, IP, WO and three interactions viz., Ton  Toff, Ton  IP, and Ton -
WO (Table 1) have been studied. Tables 2 and 3 shows the vari-
ous fixed and variable process parameters with their values for
trim cut machining and L27 orthogonal array (with four input vari-
ables along with their values and interactions assigned to different
columns) respectively. Nimonic 80A (77.05% Ni, 18.39% Cr, 1.92%
Ti, 1.05% Al, 0.63% Fe, 0.2% Mn, 0.19% Si) block of thickness
25 mm was used as work material. Rectangular punches of size
6 mm  6 mm  25 mm were machined. Firstly, rough cut was
performed at the parametric condition [23] corresponding to opti-
mal MRR, with zero offset value and machining was stopped 2 mm
before the wire electrode completed the rough cut. This was done
to keep the punch in its position for trim cut. Then the machining
path was reversed for trim cut by selecting trim cut parameters as
per designed orthogonal array. Fig. 2 shows the work path profile
during trim cut machining. Brass wire electrode (Bravo plus) of
diameter 0.25 mm (Soft) was used for performing the experiments.
De-ionized water was used as the dielectric fluid. For more precise
measurement, digital stopwatch was used for calculating the timePlease cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
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minimize the chances of error. Material removal rate was calcu-
lated by using the formula:
Material removal rate ðMRRÞ ¼ ðl tÞ=T mm2 ð1Þ
where,
‘l’ is the length of trim cut (22 mm),
‘t’ is the thickness (25 mm) of the workpiece and,
‘T’ is the total time taken for machining.
Surface roughness (Ra) was measured using Zeiss Surfcom Flex
roughness tester (Fig. 3). An electronic balance with 0.001 g accu-
racy was used to measure the weight of the wire electrode. In order
to minimize the measurement error, the average value of three-
weight measurements was used. Wire wear ratio was calculated
by using the formula:
Wire wear ratio ðWWRÞ ¼ ðIWW FWWÞ=IWW ð2Þ
where,
IWW = Initial weight of the wire
FWW = Final weight of the wire after machining
Table 4 shows the various experimental results of the MRR, SR
and WWR as per designed L27 orthogonal array. Table 5 shows
the Mean and S/N ratios of experimental results of MRR, SR and
WWR. Minitab 17 software was used for analysis of variance
(ANOVA). Higher is better (HB) for MRR and; lower is better (LB)
for SR and WWR were considered for obtaining optimum machin-
ing characteristics.
The signal to noise ratio can be calculated as a logarithmic
transformation of the loss function as Eqs. (3) and (4):d surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Table 1
L27 Orthogonal Array with Parameters and Interactions Assigned to Columns.
Run Ton Toff IP WO
A B A * B A * B C A * C A * C D A * D A * D
1 2 3 4 5 6 7 8 9 10 11 12 13
1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 2 2 2 2 2 2 2 2 2
3 1 1 1 1 3 3 3 3 3 3 3 3 3
4 1 2 2 2 1 1 1 2 2 2 3 3 3
5 1 2 2 2 2 2 2 3 3 3 1 1 1
6 1 2 2 2 3 3 3 1 1 1 2 2 2
7 1 3 3 3 1 1 1 3 3 3 2 2 2
8 1 3 3 3 2 2 2 1 1 1 3 3 3
9 1 3 3 3 3 3 3 2 2 2 1 1 1
10 2 1 2 3 1 2 3 1 2 3 1 2 3
11 2 1 2 3 2 3 1 2 3 1 2 3 1
12 2 1 2 3 3 1 2 3 1 2 3 1 2
13 2 2 3 1 1 2 3 2 3 1 3 1 2
14 2 2 3 1 2 3 1 3 1 2 1 2 3
15 2 2 3 1 3 1 2 1 2 3 2 3 1
16 2 3 1 2 1 2 3 3 1 2 2 3 1
17 2 3 1 2 2 3 1 1 2 3 3 1 2
18 2 3 1 2 3 1 2 2 3 1 1 2 3
19 3 1 3 2 1 3 2 1 3 2 1 3 2
20 3 1 3 2 2 1 3 2 1 3 2 1 3
21 3 1 3 2 3 2 1 3 2 1 3 2 1
22 3 2 1 3 1 3 2 2 1 3 3 2 1
23 3 2 1 3 2 1 3 3 2 1 1 3 2
24 3 2 1 3 3 2 1 1 3 2 2 1 3
25 3 3 2 1 1 3 2 3 2 1 2 1 3
26 3 3 2 1 2 1 3 1 3 2 3 2 1
27 3 3 2 1 3 2 1 2 1 3 1 3 2
Table 2
Various Process Parameters with their Values.
Parameters designation Process parameters Level 1 Level 2 Level 3
(L1) (L2) (L3)
A Ton (Pulse-on time) 0.3 ls 0.45 ls 0.6 ls
B Toff (Pulse-off time) 14 ls 20 ls 26 ls
C IP (Peak current) 60 A 90 A 120 A
D WO (Wire off-set) 0.08 mm 0.1 mm 0.12 mm
Constant Parameters
Flushing pressure during rough cut (kg/cm2) 01 (High)
Flushing pressure during trim cut (kg/cm2) 00 (Low)
SV (Spark gap set voltage) 45
Wire feed (mm/min) 4
Wire tension (g) 7units (1020)
Servo feed (mm/min) 2050
Pulse peak voltage (V) 02
Initial Rough Cut Parameters
Ton (Pulse-on time) 1.0 ls
Toff (Pulse-off time) 9.5 ls
IP (Peak current) 160 A
WF (Wire feed) 6 m/min (approx.)
WT (Wire tension) 1500 g
SV (Spark gap set voltage) 30V
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4.1. Effect of process parameters on material removal rate (MRR)
Material removal rate is ‘the larger the better’ type characteris-
tic. Fig. 4 shows the main effects plot for means (MRR). According
to Fig. 4, the MRR is highest at the third level of pulse-on time
(Ton3), first level of pulse-off time (Toff1), third level of peak currentPlease cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.016(IP3) and first level of wire offset (WO1). The MRR increased when
the pulse-on time (Ton) and peak current were increased. Increas-
ing the pulse-on time and peak current increases the MRR as, with
the increase in pulse-on time and peak current, number of elec-
trons striking the work surface in a single discharge increases, thus
eroding out more material from the work surface per discharge.
Similarly, MRR decreases with an increased pulse-off time and wire
off-set values. By increasing the pulse-off time, there is a decrease
in discharge frequency, thereby reducing the MRR which is in
agreement with [23,24,25]. By increasing the wire off-set value
during trim cut machining, the machining time increases, as the
workpiece area that comes in the contact with discharges
increases. So, more material needs to be removed from the already
machined surface (rough cut), thereby resulting in a decrease in
the machining speed. MRR increases with increase in peak current
as the discharge frequency increases with increase in peak currentd surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Table 3
L27 Orthogonal Array with Parametric Values and Interactions Assigned to Columns.
Run Ton Toff IP WO
A B A * B A * B C A * C A * C D A * D A * D
1 2 3 4 5 6 7 8 9 10 11 12 13
1 0.3 14 1 1 60 1 1 0.08 1 1 1 1 1
2 0.3 14 1 1 90 2 2 0.10 2 2 2 2 2
3 0.3 14 1 1 120 3 3 0.12 3 3 3 3 3
4 0.3 20 2 2 60 1 1 0.10 2 2 3 3 3
5 0.3 20 2 2 90 2 2 0.12 3 3 1 1 1
6 0.3 20 2 2 120 3 3 0.08 1 1 2 2 2
7 0.3 26 3 3 60 1 1 0.12 3 3 2 2 2
8 0.3 26 3 3 90 2 2 0.08 1 1 3 3 3
9 0.3 26 3 3 120 3 3 0.10 2 2 1 1 1
10 0.45 14 2 3 60 2 3 0.08 2 3 1 2 3
11 0.45 14 2 3 90 3 1 0.10 3 1 2 3 1
12 0.45 14 2 3 120 1 2 0.12 1 2 3 1 2
13 0.45 20 3 1 60 2 3 0.10 3 1 3 1 2
14 0.45 20 3 1 90 3 1 0.12 1 2 1 2 3
15 0.45 20 3 1 120 1 2 0.08 2 3 2 3 1
16 0.45 26 1 2 60 2 3 0.12 1 2 2 3 1
17 0.45 26 1 2 90 3 1 0.08 2 3 3 1 2
18 0.45 26 1 2 120 1 2 0.10 3 1 1 2 3
19 0.60 14 3 2 60 3 2 0.08 3 2 1 3 2
20 0.60 14 3 2 90 1 3 0.10 1 3 2 1 3
21 0.60 14 3 2 120 2 1 0.12 2 1 3 2 1
22 0.60 20 1 3 60 3 2 0.10 1 3 3 2 1
23 0.60 20 1 3 90 1 3 0.12 2 1 1 3 2
24 0.60 20 1 3 120 2 1 0.08 3 2 2 1 3
25 0.60 26 2 1 60 3 2 0.12 2 1 2 1 3
26 0.60 26 2 1 90 1 3 0.08 3 2 3 2 1
27 0.60 26 2 1 120 2 1 0.10 1 3 1 3 2
Fig. 2. Work path profile during trim cut machining.
Fig. 3. Zeiss Surfcom Flex roughness tester.
4 A. Goswami, J. Kumar / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxxvalue. This results in more erosion of the material. From the
ANOVA results (Table 6), it is clear that pulse-on time (Ton) and
pulse-off time (Toff) are the most significant parameter for MRR
with a percent contribution of 52.31 and 24.29 respectively. AllPlease cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.016the three assigned interaction viz. Ton  Toff, Ton  IP, and Ton WO
have been found to be significant with percentage contribution of
2.08, 0.76 and 0.70 respectively.4.2. Effect of process parameters on surface roughness (SR)
Surface roughness is ‘the smaller the better’ type characteristic.
Surface roughness was measured using Zeiss Surfcom Flex rough-
ness tester. Fig. 5 shows the main effects plot for means (SR).
According to Fig. 5, the SR is lowest at the first level of pulse-on
time (Ton1), third level of pulse-off time (Toff3), first level of peakd surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Table 4
Experimental Data of Material Removal Rate, Surface Roughness and Wire Wear Ratio.
RUN MRR
(mm2/min)
MRR
(mm2/min)
MRR
(mm2/min)
SR
(lm)
SR
(lm)
SR
(lm)
WWR WWR WWR
1 2 3 1 2 3 1 2 3
1 48.889 49.020 48.802 1.070 1.200 1.130 0.117 0.118 0.117
2 47.619 47.826 47.743 1.160 1.230 1.240 0.121 0.122 0.120
3 41.291 41.260 41.416 1.250 1.280 1.220 0.132 0.133 0.132
4 23.707 23.738 23.676 1.070 1.020 1.100 0.145 0.147 0.146
5 25.023 24.966 25.080 1.200 1.270 1.190 0.167 0.168 0.167
6 46.610 46.414 46.531 1.470 1.330 1.250 0.135 0.134 0.135
7 16.882 16.887 16.861 0.440 0.520 0.460 0.172 0.173 0.172
8 36.352 36.232 36.376 1.230 1.190 1.170 0.141 0.142 0.141
9 28.721 28.646 28.796 1.250 1.200 1.280 0.169 0.168 0.168
10 79.365 78.797 78.910 1.710 1.600 1.680 0.110 0.109 0.110
11 75.034 74.324 74.627 2.140 2.080 2.270 0.139 0.138 0.138
12 73.628 73.138 73.826 2.390 2.250 2.320 0.177 0.176 0.177
13 41.137 40.984 41.416 1.630 1.360 1.650 0.112 0.113 0.112
14 43.825 43.651 44.000 1.950 2.030 2.080 0.129 0.128 0.129
15 78.571 78.236 78.910 2.050 1.990 2.380 0.121 0.122 0.121
16 25.882 25.822 25.785 1.270 1.190 1.290 0.155 0.157 0.156
17 53.038 52.987 53.243 1.480 1.540 1.680 0.116 0.116 0.118
18 47.496 47.291 47.414 1.780 1.750 1.860 0.138 0.140 0.138
19 105.364 104.762 104.364 2.370 2.110 2.360 0.123 0.126 0.124
20 106.178 105.769 106.796 3.310 3.340 3.230 0.136 0.138 0.137
21 101.476 101.289 102.421 2.840 3.140 3.220 0.167 0.168 0.167
22 61.937 61.798 62.288 2.070 2.160 2.450 0.142 0.141 0.142
23 61.590 61.453 61.798 2.450 2.410 2.610 0.158 0.157 0.158
24 104.167 103.383 103.189 2.730 2.830 2.810 0.123 0.122 0.122
25 41.260 41.137 41.353 1.880 1.970 1.720 0.125 0.126 0.126
26 83.714 83.082 83.587 2.720 2.580 2.460 0.119 0.120 0.119
27 67.485 67.237 67.734 2.780 2.750 2.930 0.133 0.134 0.133
Table 5
Mean and S/N Ratios of Material Removal Rate, Surface Roughness and Wire Wear Ratio.
RUN S/N ratios Mean S/N ratios Mean S/N ratios Mean
(MRR) MRR (SR) SR (WWR) WWR
1 33.7868 48.904 1.13 1.0967 18.612 0.117
2 33.5757 47.729 1.24 1.6595 18.344 0.121
3 32.3237 41.322 1.22 1.9399 17.567 0.132
4 27.4975 23.707 1.10 0.5376 16.713 0.146
5 27.9667 25.023 1.19 1.7309 15.528 0.167
6 33.3524 46.518 1.25 2.6263 17.415 0.135
7 24.5456 16.876 0.46 6.4743 15.273 0.172
8 31.2028 36.320 1.17 1.5614 16.995 0.141
9 29.1639 28.721 1.28 1.8948 15.477 0.168
10 37.9550 79.024 1.68 4.4230 19.198 0.110
11 37.4618 74.662 2.27 6.7083 17.181 0.138
12 37.3292 73.531 2.32 7.3124 15.057 0.177
13 32.2932 41.179 1.65 3.8196 18.990 0.112
14 32.8343 43.825 2.08 6.1101 17.811 0.129
15 37.9052 78.572 2.38 6.6361 18.320 0.121
16 28.2424 25.830 1.29 1.9434 16.137 0.156
17 34.5000 53.089 1.68 3.9119 18.661 0.117
18 33.5156 47.400 1.86 5.0922 17.160 0.139
19 40.4095 104.830 2.36 7.1708 18.108 0.124
20 40.5262 106.248 3.23 10.3536 17.265 0.137
21 40.1486 101.729 3.22 9.7457 15.528 0.167
22 35.8487 62.007 2.45 6.9761 16.975 0.142
23 35.7934 61.613 2.61 7.9292 16.045 0.158
24 40.3053 103.580 2.81 8.9131 18.249 0.122
25 32.3085 41.250 1.72 5.3881 18.016 0.126
26 38.4295 83.461 2.46 8.2621 18.465 0.119
27 36.5841 67.485 2.93 9.0084 17.501 0.133
A. Goswami, J. Kumar / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxx 5current (IP1) and third level of wire off-set (WO3). SR increases
with increase in pulse-on time and peak current, while decreases
with increase in pulse-off time. It first increases with increase in
wire off-set value and then decreases with increases in wire off-
set value. With increase in pulse-on time value and peak current,
the frequency of spark increases and results in more erosion of
the material from the workpiece and the wire electrode. The gap
between the two sparks is so small that the eroded material cannotPlease cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.016flush properly and re-solidifies on the machined surface due to the
rapid cooling by the dielectric. This results in increase in SR value.
By increasing the pulse-off time, the frequency of sparks striking
between the electrodes decreases and also there is enough time
for flushing of the eroded material. This results in better surface
finish on the machined surface. The surface roughness is directly
dependent on the amount of material solidify on the machined sur-
face [26]. Table 7 shows the analysis of variance for mean valuesd surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Fig. 4. Main effects plot for means (MRR). Fig. 5. Main effects plot for means (SR).
6 A. Goswami, J. Kumar / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxx(SR). Results show that the pulse-on time and peak current are the
most significant factors affecting SR with a percentage contribution
of 74.69 and 13.30 respectively. Wire off-set has been found to be
the least significant factor with a percentage contribution of 0.85.
All the three interactions viz. Ton  Toff, Ton  IP, and Ton WO
have been found to be significant with percentage contribution
of 1.24, 1.07 and 1.14 respectively.4.3. Effect of process parameters on wire wear ratio (WWR)
Wire wear ratio is ‘the smaller the better’ type characteristic.
Fig. 6 shows the main effects plot for means (WWR). For WWR
(Fig. 6), the optimal values have been obtained with the second
level of pulse-on time (Ton2), first level of pulse-off time (Toff1),
first level of peak current (IP1) and first level of wire off-set
(WO1). According to Fig. 6, WWR first decreases and then increases
with increase in pulse-on time. It increases with increase in pulse-
off time, peak current and wire off-set value. With increase in wire
off-set value, comparatively more surface area comes in contact
with the wire electrode during sparking. More heat is generated
during machining and possibly more erosion from the wire elec-
trode during that period, as heat dissipation is slow due to very
narrow gap between electrode and the workpiece. Table 8 shows
the analysis of variance for mean values (WWR). According to
Table 8, wire off-set is the highly significant factor affecting
WWR with a percentage contribution of 45.34 and peak current
with a percentage contribution of 7.85. Pulse-on time has been
found to be the least significant factor with a percentage contribu-
tion of 2.64. The interactions viz. Ton  Toff, and Ton WO have
been found to be highly significant with percentage contributionTable 6
Analysis of Variance (mean value) for MRR (mm2/min).
Source DF Adj. SS Adj MS
Ton 2 29002.6 14501.3
Toff 2 13467.1 6733.5
IP 2 3571.4 1785.7
Wire off-set 2 7137.9 3568.9
Ton ⁄ Toff 4 1153.2 288.3
Ton ⁄ IP 4 422.4 105.6
Ton ⁄Wire off-set 4 390.9 97.7
Error 60 292.4 4.9
Total 80 55437.8
S = 2.20761 R-Sq = 99.47% R-Sq(adj
Please cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.016of 14.90 and 14.71 respectively. The interaction between Ton  IP
has found to be least significant (02.13%).
5. Single response optimization
MRR is ‘the higher the better’ type and; SR and WWR are ‘the
smaller the better’ type characteristic. So, the highest value of
MRR and; the lower values of SR and WWR are considered to be
optimal. MRR is the highest (Fig. 4) at process setting of Ton3 Toff1
IP3 WO1. For surface roughness (Fig. 5) the optimal value has been
obtained at Ton1 Toff3 IP1 WO3. Wire wear ratio (Fig. 6) is the low-
est at process setting of Ton2 Toff1 IP1 WO1. The relative signifi-
cance of the individual factors have been found using MINITAB
17 software. The optimum process settings for MRR, SR and
WWR have been given in Table 9. Table 10 shows the confirmatory
experimental results for each machining response.
For MRR,
The overall mean of the population is: l = 57.942 mm2/min.
The predicted optimum value of MRR is calculated as,
lMRR ¼ ðlTon3þ lToff1þ lIP3þ lWO1Þ  ð3lÞ
¼ ð81:36þ 75:33þ 65:43þ 70:48Þ  ð3 57:942Þ
¼ 118:774 mm2=min:
For SR,
The overall mean of the population is: l = 1.85 lm.
The predicted optimum value of SR is calculated as,
lSR ¼ ðlTon1þ lToff3þ lIP1þ lWO3Þ  ð3lÞ
¼ ð1:127þ 1:643þ 1:499þ 1:772Þ  ð3 1:85Þ
¼ 0:49 lmF P % age contribution
2975.51 0.000 52.31
1381.65 0.000 24.29
366.40 0.000 6.44
732.31 0.000 12.87
59.15 0.000 2.08
21.67 0.000 0.76
20.05 0.000 0.70
0.52
) = 99.30%
d surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Table 7
Analysis of Variance (mean value) for Surface Roughness (microns).
Source DF Adj. SS Adj MS F P % age contribution
Ton 2 29.3699 14.6850 1030.52 0.000 74.69
Toff 2 2.1632 1.0816 75.90 0.000 5.50
IP 2 5.2295 2.6147 183.49 0.000 13.30
Wire off-set 2 0.3351 0.1675 11.76 0.000 0.85
Ton ⁄ Toff 4 0.4906 0.1226 8.61 0.000 1.24
Ton ⁄ IP 4 0.4238 0.1060 7.44 0.000 1.07
Ton ⁄Wire off-set 4 0.4506 0.1126 7.90 0.000 1.14
Error 60 0.8550 0.0143 2.17
Total 80 39.3177
S = 0.119374 R-Sq = 97.83% R-Sq(adj) = 96.04%
Fig. 6. Main effects plot for means (WWR).
Table 8
Analysis of Variance (mean value) for Wire Wear Ratio (WWR).
Source DF Adj. SS Adj MS
Ton 2 0.002104 0.00105
Toff 2 0.003957 0.00197
IP 2 0.006242 0.00312
Wire off-set 2 0.036038 0.01801
Ton ⁄ Toff 4 0.011844 0.00296
Ton ⁄ IP 4 0.001700 0.00042
Ton ⁄Wire off-set 4 0.011690 0.00292
Error 60 0.005893 0.00009
Total 80 0.079469
S = 0.0099107 R-Sq = 92.58% R-Sq(ad
Table 9
Optimal Predicted Values for Single Response Optimization Results.
Method Characteristics
Single response optimization Material removal rate
Surface roughness
Wire wear ratio
Table 10
Confirmatory Experimental Results for Single Response Optimization.
Response (units) Predicted value Experimental va
MRR (mm2/min) 118.774 116.942
SR (lm) 0.491 0.462
Wire wear ratio 0.109 0.112
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The overall mean of the population is: l = 0.139.
The predicted optimum value of WWR is calculated as,
lWWR ¼ ðlTon2þ lToff1þ lIP1þ lWO1Þ  ð3lÞ
¼ ð0:1331þ 0:136þ 0:1339þ 0:123Þ  ð3 0:139Þ
¼ 0:526 0:417
¼ 0:109
For calculation of CICE, Eq. (5) has been used [27].
CICE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Fað1  f eÞ
1
neff
þ 1
R
 
Ve
s
ð5Þ
Fa (1, fe) = the F-ratio at a confidence level of (1  a) against
DOF 1.
For MRR,
fe ¼ 60;
Fað1;60Þ ¼ 4:00
Ve ¼ variance of error for MRR ¼ 4:9F P % age contribution
2 10.71 0.008 2.64
9 20.14 0.000 4.97
1 31.77 0.000 7.85
9 183.45 0.000 45.34
1 30.15 0.000 14.90
5 4.33 0.004 2.13
3 29.76 0.000 14.71
8 7.41
j) = 90.11%
Optimal condition Predicted optimal value
Ton3 Toff1 IP3 WO 118.774 mm2/min
Ton1 Toff3 IP1 WO3 0.491 lm
Ton2 Toff1 IP1 WO1 0.109
lue %age variation CICE
1.54 115.882 < lMRR < 121.725
5.9 0.331 < lSR < 0.649
2.75 0.101 < lWWR < 0.117
d surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
lÞ
Table 11
Data Pre Processing (Trim Cut).
Sr. No. Mean (MRR) normalized Mean (SR) Mean (WWR) normalized DMRR DSR DWWR
1 0.358 0.765 0.891 0.642 0.235 0.109
2 0.345 0.738 0.836 0.655 0.262 0.164
3 0.274 0.723 0.667 0.726 0.277 0.333
4 0.076 0.790 0.463 0.924 0.210 0.537
5 0.091 0.734 0.144 0.909 0.266 0.856
6 0.332 0.688 0.632 0.668 0.312 0.368
7 0.000 1.000 0.070 1.000 0.000 0.930
8 0.218 0.742 0.532 0.782 0.258 0.468
9 0.133 0.726 0.129 0.867 0.274 0.871
10 0.695 0.577 1.000 0.305 0.423 0.000
11 0.647 0.400 0.577 0.353 0.600 0.423
12 0.634 0.344 0.000 0.366 0.656 1.000
13 0.272 0.618 0.965 0.728 0.382 0.035
14 0.302 0.450 0.721 0.698 0.550 0.279
15 0.690 0.408 0.831 0.310 0.592 0.169
16 0.100 0.723 0.313 0.900 0.277 0.687
17 0.405 0.611 0.900 0.595 0.389 0.100
18 0.342 0.530 0.572 0.658 0.470 0.428
19 0.984 0.358 0.786 0.016 0.642 0.214
20 1.000 0.000 0.597 0.000 1.000 0.403
21 0.949 0.079 0.144 0.051 0.921 0.856
22 0.505 0.377 0.527 0.495 0.623 0.473
23 0.501 0.284 0.289 0.499 0.716 0.711
24 0.970 0.177 0.816 0.030 0.823 0.184
25 0.273 0.508 0.766 0.727 0.492 0.234
26 0.745 0.249 0.861 0.255 0.751 0.139
27 0.566 0.167 0.652 0.434 0.833 0.348
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N = total number of experiments.
Hence neff = 81/(1 + 8) = 9.
R = Number of repetition of experiments = 3.
Hence, putting all the values in Eq. (5)
CICE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4:00
1
9
þ 1
3
 
4:9
s
CICE ¼2:951
CICEðMRRÞ¼115:882<lMRR<121:725 ðat95% confidence interva
For SR,
CICE ¼0:159
CICEðSRÞ¼0:331<lSR<0:649 ðat95% confidence intervalÞ
For WWR,
CICE ¼0:008
CICEðWWRÞ¼0:101<lWWR<0:117 ðat95% confidence intervalÞ
The optimum predicted values have been tabulated (Table 9).
From Table 10, it has been observed that the percentage variation
between predicted optimal values and experimental value is very
small, thus validating the optimized results.
6. Multi response optimization using grey relational analysis
(GRA)
Grey relational analysis provides an efficient solution to the
uncertainty, multi-input and discrete data problem. The relation
between machining parameters and responses can be found out
by using the GRA [28]. GRA quantify all influences of various fac-
tors and their relation. The following steps were followed in order
to optimize the various input process parameters for trim cut using
GRA.Please cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.016Step 1: Calculate Mean (Data) for the corresponding responses
using ‘‘Higher the better” type attribute for MRR and ‘‘Lower
the better” type attribute for SR and WWR.
Step 2: Normalize the data. Normalization is a transformation
performed on a single data input to distribute the data evenly
and scale it into an acceptable range for further analysis. Nor-
malization of the experimental data is done in the range of zero
to one. This is called grey relational generation.
Step 3: Calculate the grey relational co-efficient for the normal-
ized mean (Raw data) values. This is calculated to represent the
correlation between actual experimental data and desired
experimental data.
Step 4: Generate the grey relational grade. The grey relational
grade is calculated by averaging the grey relational coefficients
of all the responses.
Step 5: Perform ANOVA for identifying the significant factors
and calculate the predicted optimum condition.
For MRR Higher the better (Eq. (7)).
xi ðkÞ ¼
x0i ðkÞ min x0i ðkÞ
max x0i ðkÞ min x0i ðkÞ
ð7Þ
For SR and WWR, lower the better (Eq. (8)).
xi ðkÞ ¼
max x0i ðkÞ  x0i ðkÞ
max x0i ðkÞ min x0i ðkÞ
ð8Þ
where xi (k) is the sequence after the data processing; x
0
i ðkÞ is the
original sequence of raw data (Mean data), i = 1, 2, 3. . . , m and
k = 1, 2,. . . , n with m = 27 and n = 2; max x0i ðkÞ is the largest value
of x0i ðkÞ; min x0i ðkÞ is the smallest value of x0i ðkÞ. Table 11 shows
the normalized raw data (Mean data) for the MRR, SR and WWR.
The outcomes are denoted as x0 (k) and x

i (k) for reference sequence
and comparability sequence, respectively.
The grey relational coefficient is expressed as follows:
£ijðkÞ ¼ ðDÞminþfðDÞmaxðDÞoiðkÞ þ fðDÞmax ð9Þd surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Table 12
Grey Relational Grade Data (trim cut).
Sr. No. GR coeff. (MRR) GR coeff. (SR) GR coeff. (WWR) GR grade GR grade S/N ratio GR grade mean
1 0.384 0.630 0.646 0.553 5.140 0.553
2 0.379 0.604 0.549 0.511 5.836 0.511
3 0.355 0.591 0.375 0.44 7.122 0.440
4 0.302 0.655 0.271 0.41 7.753 0.410
5 0.306 0.601 0.189 0.365 8.749 0.365
6 0.374 0.562 0.352 0.429 7.343 0.429
7 0.286 1.000 0.177 0.488 6.240 0.488
8 0.338 0.608 0.300 0.415 7.632 0.415
9 0.316 0.593 0.187 0.365 8.749 0.365
10 0.568 0.486 1.000 0.685 3.292 0.685
11 0.531 0.400 0.321 0.417 7.592 0.417
12 0.522 0.379 0.167 0.356 8.974 0.356
13 0.355 0.512 0.852 0.573 4.842 0.573
14 0.364 0.421 0.418 0.401 7.935 0.401
15 0.564 0.403 0.542 0.503 5.971 0.503
16 0.308 0.591 0.226 0.375 8.523 0.375
17 0.402 0.507 0.668 0.526 5.586 0.526
18 0.378 0.460 0.319 0.385 8.283 0.385
19 0.962 0.384 0.483 0.61 4.298 0.610
20 1.000 0.286 0.332 0.539 5.366 0.539
21 0.888 0.303 0.189 0.46 6.744 0.460
22 0.447 0.391 0.297 0.378 8.440 0.378
23 0.445 0.358 0.219 0.341 9.349 0.341
24 0.931 0.327 0.521 0.593 4.542 0.593
25 0.355 0.449 0.461 0.421 7.505 0.421
26 0.611 0.348 0.589 0.516 5.748 0.516
27 0.480 0.324 0.365 0.39 8.187 0.390
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where, Doi(k) is the deviation sequence of reference sequence
Dmin ¼ min½minDoiðkÞ
Dmax ¼ max½maxDoiðkÞ
£ij the grey relational coefficient, f is the distinguishing coefficient.
The grey relational grade Yj can be obtained as:
Yj ¼ 1m
Xm
i¼1
£ ð10Þ
Where Yj the grey relational grade for the jth experiment and m
is the number of performance characteristics. By assigning weight-
ing values of MRR = 0.4, SR = 0.4 and WWR = 0.2 [29], GR grade is
calculated (Table 12).Fig. 7. Main effects plot for means (GR grade trim cut).
Table 13
Optimal Predicted Values for Multi Response Optimization.
Method Characteristics Optimal
predicted
condition
Optimal
predicted
value
Multi response
optimization
Material removal
rate, Surface
roughness, Wire
wear ratio
Ton3 Toff1 IP1 WO1 102.634 mm2/min
2.448 lm
0.103
Table 14
Confirmatory Experiment Results for Multi Response Optimization.
Response (units) Predicted
value
Experimental
value
CICE
MRR (mm2/min) 102.634 105.168 99.683 < lMRR < 105.585
SR (lm) 2.448 2.292 2.289 < lSR < 2.607
Wire wear ratio 0.103 0.1024 0.095 < lWWR < 0.1117. prediction of optimal values for multi response optimizatioN
The optimal predicted values have been calculated at the multi
response optimized condition (Ton3 Toff1 IP1 WO1) for trim cut
machining (Fig. 7). Tables 13 and 14 shows the optimal predicted
values and confirmatory experiment results for multi response
optimization of trim cut machining respectively. Also confidence
intervals of all the responses have been tabulated and reported
in Table 14.
For MRR,
The overall mean of the population is, l = 57.942 mm2/min.
The predicted optimum value of MRR is calculated as,
lMRR ¼ ðlTon3þ lToff1þ lIP1þ lWO1Þ  ð3lÞ
¼ ð81:36þ 75:33þ 49:29þ 70:48Þ  ð3 57:942Þ
¼ 102:634 mm2=min:
For SR,
The overall mean of the population is, l = 1.85 lm.
The predicted optimum value of SR is calculated as,Please cite this article in press as: A. Goswami, J. Kumar, Trim cut machining and surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.016
Fig. 8b. Microstructure of the trim cut sample for Experiment No. 7 at 3000X (Ton:
0.3 ls, Toff: 26 ls, IP: 60A, WF: 0.12 mm).
10 A. Goswami, J. Kumar / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxxlSR ¼ ðlTon3þ lToff1þ lIP 1þ lWO1Þ  ð3lÞ
¼ ð2:601þ 2:042þ 1:499þ 1:856Þ  ð3 1:85Þ
¼ 2:448 lm
For WWR,
The overall mean of the population is, l = 0.139.
The predicted optimum value of WWR is calculated as,
lWWR ¼ ðlTon3þ lToff1þ lIP1þ lWO1Þ  ð3lÞ
¼ ð0:1464þ 0:1312þ 0:1276þ 0:1152Þ  ð3 0:139Þ
¼ 0:5204 0:417
¼ 0:103
For calculation of CICE, Eq. (5) has been used.
CICE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Fað1  f eÞ
1
neff
þ 1
R
 
Ve
s
For MRR,
fe ¼ 60;
Fað1;60Þ ¼ 4:00
Ve ¼ variance of error for MRR ¼ 4:9
neff ¼ N1þ TotalDF involvedinestimationof mean
N = total number of experiments.
Hence neff = 81/(1 + 8) = 9.
R = Number of repetition of experiment = 3.
CICE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4:00
1
9
þ 1
3
 
4:9
s
CICE ¼2:951
CICEðMRRÞ¼99:683<lMRR<105:585 ðat95% confidence intervalÞ
For SR,
CICE ¼ 0:159
CICEðSRÞ ¼ 2:289 < lSR < 2:607 ðat 95% confidence intervalÞ
For WWR,
CICE ¼0:008
CICEðWWRÞ¼0:095<lWWR<0:111 ðat95% confidence intervalÞFig. 8a. Microstructure of the trim cut sample for Experiment No. 7 at 1500X (Ton:
0.3 ls, Toff: 26 ls, IP: 60A, WF: 0.12 mm).
Fig. 9a. Microstructure of the trim cut sample for Experiment No. 21 (Ton: 0.6 ls,
Toff: 4 ls, IP: 120A, WF: 0.12 mm).
Please cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.0168. Analysis of machined surface after WEDM (trim cut)
The surface integrity analysis was done after the trim cut
machining to check the microstructure and to assess the surface
quality obtained after trim cut. Etching of the selected specimens
was also done. Figs. 8a and 8b show a smooth surface obtained
after trim cut machining at the parametric setting as; pulse-on
time: 0.3 ls, pulse-off time: 26 ls, wire off-set: 0.12 mm, peak cur-
rent: 60A. Figs. 8a and 8b show the formation of a rougher surface
obtained at relatively higher pulse energy setting as; pulse-on
time: 0.6 ls, pulse-off time: 40 ls, wire off-set: 0.10 mm, peak cur-
rent: 90A.
In Fig. 8a, very minute particles of debris are observed and the
surface is quite smooth. This may be due to the lower intensity dis-
charges that took place during machining. Fig. 9a and Fig. 9b shows
lumps and globules of debris with number of deep craters andd surface integrity analysis of Nimonic 80A alloy using wire cut EDM, Eng.
Fig. 9b. Microstructure of the trim cut sample for Experiment No. 21(Ton: 0.6 ls,
Toff: 14 ls, IP: 120A, WF: 0.12 mm).
Fig. 10. Recast layer of the machined sample for Experiment No. 7 (Ton: 0.3 ls, Toff:
26 ls, IP: 60A, WF: 0.12 mm).
Fig. 11. Recast layer of the machined sample for Experiment No. 21(Ton: 0.6 ls, Toff:
14 ls, IP: 120A, WF: 0.12 mm).
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vidual discharges were able to penetrate far into the workpiece.
Fig. 10 shows the recast layer formed on the trim cut surface for
experimental conditions (Ton: 0.3 ls, Toff: 26 ls, IP: 60A, WO:
0.12 mm), Experiment No. 7. The thickness of recast layer was
observed to be much less (7.4 lm) in this case. While during rough
cut operation, the average recast layer thickness for sample with
best surface finish was nearly 27 lm [23,24]. This shows that there
is significant decrease (27% approx.) in the recast layer deposition
with trim cut machining. Fig. 11 shows the recast layer of the
machined sample at Experiment No. 21, (Ton: 0.6 ls, Toff: 14 ls,
IP: 120A, WO: 0.12 mm). A foamy and porous layer was observed
along the machined surface. The average recast layer thickness
was observed to be 22 lm. This thickness is still better than the
one obtained for rough cut machining sample having best surface
finish (27 lm).Please cite this article in press as: A. Goswami, J. Kumar, Trim cut machining an
Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.09.0169. Conclusions
1. In trim cut machining, pulse-on time (Ton) has been found to be
the major factor affecting the MRR (52.31%) and SR (74.69%).
2. The experimental work shows that the wire wear ratio has been
mainly affected by wire off-set with a percentage contribution
of 45.34. Highly significant interaction (for WWR) has been
found between Ton  Toff. (14.90%) and Ton wire off-set
(14.71%). High value of surface finish can be obtained by trim
cut machining. Best value of SR is obtained at pulse-on time:
0.3 ls, pulse-off time: 26 ls, peak current: 60A and wire off-
set: 0.12 mm.
3. Highest MRR and SR were obtained at pulse-on time: 0.6 ls,
pulse-off time: 14 ls, peak current: 90A, wire off-set:
0.10 mm and pulse-on time: 0.45 ls, pulse-off time: 14 ls, peak
current: 120A, wire off-set: 0.12 mm respectively.
4. As per the results of the multi response optimization (GRA), the
values for process parameters that result in optimized value of
MRR, SR and Wire off-set are; pulse-on time: 0.60 ls, pulse-off
time: 14 ls, peak current: 60A, and wire off-set: 0.08 mm.
5. The microstructure investigation of the samples machined at
experimental condition corresponding to high energy input rate
has revealed a strong co-relation between the surface quality
and energy input rate. The samples machined at high energy
input condition exhibited rougher surface with lot of built-
edge layers, whereas the better surface quality was obtained
under low energy input conditions.References
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